Round the globe, scientific communities have been searching for new materials for "green" energy, producing efficiently both high power as well as high energy density. Relaxor ferroelectrics (RFEs) have shown immense potential to achieve this goal. We report fabrication of [Na 0.42 , which is reasonably good for bulk polar material. NBAT-BT shows a much thinner AFE hysteresis above its relaxor FE phase transition; that favors the enhanced energy storage capacity at elevated temperature in the depolarized paraelectric region.
Introduction
Nowadays green energy generation and storage materials and devices are a major growth area of research and technology. Dielectric capacitors are well-known for their high power density and discharge capability (time constant $ ms). Among the dielectrics, ferroelectrics usually possess higher dielectric constants and fast discharge time ($ns) that make them suitable candidates for high energy density storage applications.
1,2
At present, the energy density of dielectrics/ferroelectrics materials is poor compared to supercapacitors and the Li-ion batteries.
3 The low energy density of polar dielectrics is due to low breakdown eld, high dielectric saturation, square hysteresis (dielectric loss) and large leakage current under the application of an electric eld.
4,5 Short range order (SRO) relaxors embedded in an anti-ferroelectric matrix have an enormous potential in designing new polar dielectrics for high energy storage applications due to their slim polarization-electric eld (P-E) hysteresis. Anti-ferroelectrics have linear and non-linear hysteresis (in E) that yield the largest energy storage area in P-E hysteresis in any polar dielectrics. 6 This indicates that an antiferroelectric matrix embedded with polar-nano-regions (PNRs) (relaxor-antiferroelectric) are suitable candidates for moderate power and energy-density applications. Such a system may allow us to understand new capacitor materials having high dielectric constant and energy storage capacity. Lead-based relaxor antiferroelectric PLZT (lead-lanthanum-zirconate-titanate) thick lms show a high energy density (up to 58.1 J cm À3 at 2.8 MV cm À1 ). However, the environmental issues and regulations to ban toxic materials by several countries are forcing the development of lead-free (non-toxic) research.
7,8
The direct way to calculate the energy density and energy storage capacity per unit volume of material is as follows:
where D ¼ 3 0 E + P, since polarization of ferroelectric dielectrics is very high so D z P.
where C is capacitance; E, applied electric eld; P, polarization; V, voltage; 3, dielectric constant of the material, 3 0 dielectric constant of vacuum, and E b breakdown eld. The dielectric is susceptible to breakdown under the application of constant high external eld. To avoid any premature breakdown of the capacitor, it is advisable to use an external eld almost half of the breakdown eld, i.e., V ¼ hV b (0 < h < 1).
9
The lead free (1Àx)(Na 0.50 Bi 0.50 )TiO 3Àx BaTiO 3 (NBT-BT) system is well known for its excellent piezoelectric properties, several structural phase transitions, large variation in functional properties due to composition tunability, and coexistence of relaxor-polar and antipolar phases.
10-14 The NBT-BT system illustrates depolarization properties [that is, transition of ferroelectric FE to AFE-like phases] in the temperature range of 100 to 190 C depending on the composition of BT near the morphotropic phase boundary (MPB). [15] [16] [17] The rhombohedral (FE) to high-temperature tetragonal diffuse phase transition (220-320 C) is achieved via an intermediate AFE-like phase transition. Ma et al. showed the presence of nano-size shortrange polar-regions for the compositions (0.07 # x # 0.09) that lead to the relaxor-AFE phase boundary. Recently they also established a new phase boundary in NBT-BT measuring the precise positions of oxygen octahedral tilting in multi-domain perovskite ferroelectrics using electron diffraction analysis.
18
Another aspect, non-stoichiometry, is equally important in determining piezoelectric properties and depolarization temperatures. Many research groups have extensively studied the non-stoichiometry-microstructure-property relationship. [19] [20] [21] [22] [23] [24] [25] In general, it has been accepted that Na + cation de-ciencies and excess Bi cations lead to a decrease in depolarization temperature and develop the AFE-like micropolar regions in the ferroelectric matrix. The ratio of A-site cations (Na + and Bi 3+ ) was always considered as unity; however, in reality it is very hard to maintain such a ratio, due to the volatile nature of both Na-and Bi-cations. Guo et al. have carried out an extensive study on the compositional modulation of the NBT-BT system and have shown that an AFE-like phase can be induced at an ambient temperature.
26
Lead-based relaxor/anti-ferroelectrics have been thoroughly investigated for high energy density applications and have shown a high energy storage capacity. 27 Polymer relaxor ferroelectric thin lms show a high energy density (10-25 J cm À3 ) with a very fast discharge capacity. 3 Ceramic-polymer and ceramic-glass composite systems are also potential candidates for high energy density capacitors due to their high breakdown strength and low dielectric saturation. ) were mixed at ambient conditions and then homogenously blended with IPA (isopropyl alcohol), using agate mortar-pestle grinding for 2 h. The mixed precursors were rst calcined at an optimized temperature of 1000 C for about 4 h in a high purity alumina crucible. Calcined powder was reground and then mixed with a binder (polyvinyl alcohol) in order to prepare the circular discshaped pellets. The average diameter and thickness of the pellets were 13 mm and 1-1.5 mm, prepared under uniaxial pressure of 5-6 tons per square inch. The prepared pellets were subsequently sintered at an optimized temperature of 1200 C for 8 h to achieve the 92-95% of theoretical density. A room temperature X-ray diffraction pattern was taken using CuKa radiation (l¼ 1.5460Å, Bruker D8 Advance) over a wide range of Bragg angle (20 < q < 80 ) to identify the structure and phase purity of the sintered ceramic pellets. Grain growth, surface morphology, and elemental analysis on sintered pellets were carried out using a scanning electron microscope (SEM, Zeiss EVO MA-10). Crystal structure, atom positions in lattice planes, grain orientations, and size were determined by using a Technai G20-stwin, 300 kV, High Resolution Transmission Electron Microscope (HRTEM). To measure the electrical properties, metal-insulator-metal capacitor structures were prepared using the silver paint coating on both sides of the ceramic pellets. Temperature-dependent dielectric measurements were carried out on metallized pellets at various frequencies (1 kHz to 1 MHz) and temperatures using an LCR meter (4200-SCS Analyzer) at an oscillating amplitude of 0.5 V. Ferroelectric P-E hysteresis loops and leakage current were measured by using a Radiant Ferroelectric Tester. Room temperature Raman studies were carried out using a Renishaw inVia Reex Raman spectrometer, UK (with an excitation source of 514.5 nm) with a resolution of less than 1.0 cm À1 .
Results and discussion

A. Crystal structure
Rietveld renement on the unpoled X-ray diffraction data were tested for the determination of the amount of both the tetragonal (space group P4mm) and rhombohedral (space group R3c) crystal structures as reported earlier for the MPB of the NBT-BT system. 31 (Na, Bi, Al, Ba) and Ti ions were added to A and B sites of ABO 3 perovskite, respectively, using the occupancy constraint relationship n A2+ ¼ 1 À n B4+ . The observed diffraction peaks were simulated with a pseudo-Voigt prole function. The normal procedures for the Rietveld renement have been followed for the simulation of experimental X-ray data. Anisotropic values of atomic (thermal) displacement (Debye-Waller factor) parameters were obtained in the stable and best t. 32 The reliability factors for the rhombohedral crystal structure are Table 1 . The d-spacing of different planes calculated using the HRTEM data matches well with the tetragonalrhombohedral crystal structure. The difference in the d-spacing for both the systems was detectable only aer two decimal points of d-spacing data (<1%). It would be unwise to report the exact lattice planes for either system with the given HRTEM image resolution. XRD analysis was carried out on unpoledpolycrystalline samples to obtain the ratio of both crystal phases. The results obtained from the rened intensity of the coexisting rhombohedral (r-phase) and tetragonal phases (t-phase) suggests that NBAT-BT is composed of 48(AE 5)% r-phase and 52 (AE5)% t-phase. The existence of twin boundaries and their separate phases can also be seen in the HRTEM image of the (110) plane with their fast Fourier transformation (FFT) as depicted in Fig. 3 . The intensities of both phases are slightly different from each other over a large area of the crystal surface conrming the presence of both phases and its distribution throughout the matrix.
B. Morphology, size and d-spacing of crystal
The surface morphology and grain growth can be seen from the SEM image (inset of Fig. 1(a) ) of the as-grown pellets. They indicate ne square grains with an average size of 1-5 mm. These grains are highly packed with little porosity. EDAX analysis for the appropriate elemental composition was carried out on large areas of the pellets and on individual grains. A reliable matching elemental ratio was obtained between precursor and the nal product. The nal elemental ratio is given in Table 2 .
To better understand the microstructure-property relation, electron diffraction patterns were taken on various sintered ceramic grains. These grains were obtained from mechanically milled powder of the sintered pellets. The ultrasonicated dispersions of ne particles were put on carbon-coated copper grids for HRTEM study. The TEM results from the representative grains are shown in Fig. 2(a) -(f). Fig. 2(a) shows the ne nano-grains surrounded by larger grains >100 nm. To check the real distribution of the ne grains, TEM imaging was carried out on different particles of the NBAT-BT. Each time it showed an uneven distribution of nanoparticles in the matrix. Fig. 2(b) elucidates the small ordered regions (different contrast compared to the surroundings) in the matrix; which may Fig. 1 (a) shows the Rietveld fitting of NBAT-BT XRD patterns with tetragonal crystal structure (space group P4mm) and (b) rhombohedral crystal structure (space group R3c); SEM image is given in the inset (a). represent the PNRs, responsible for large dielectric dispersion near room temperature. The d-spacing for both the crystal systems were imaged for different parts of the grains in HRTEM studies. Fig. 2 (c)-(f) represents different lattice planes of the NBAT-BT crystal that matched well with the d-spacing obtained for the tetragonal crystal structure from the X-ray data (Rietveld analysis). The observed planes for both crystal systems vary only in the third decimal. This is hard to distinguish form the present HRTEM image resolutions. However, one point is clear from all these TEM images: these planes are not single crystalline in nature; they possess polycrystalline contrast, chemical inhomogeneities, discontinuity, disorder, and a mixture of long and short range ordering. These observations support the relaxor-AFE character of the samples. Therefore, a relaxor-AFE phase and the coexistence of a rhombohedral-tetragonal phase at room temperature are proposed near the MPB with substitution of a small amount of trivalent cations. Fig. 3(a) and (b) shows the FFT and inverse FFT (IFFT) images of NBAT-BT polycrystals. FFT and IFFT analysis were carried out on the large area HRTEM image which shows the co-existence of both the phases with a slight difference in their crystallographic plane intensities and positions. The presence of both t-phase and r-phase (101) and (110) planes can be seen from the Fig. 3 , respectively. Atomic contrast on various atomic planes and small regions with different microstructure intensity (circled on the TEM image) can be seen in Fig. 3(b) suggesting the existence of chemical inhomogeneity in the systems supporting the microstructure-property relationship. HRTEM images also revealed that some crystal areas having a large number of twin boundaries promote the formation of twin phases (as highlighted by the transparent lines).
C. Raman spectroscopy
Raman spectroscopy is a versatile tool for the detection of subtle structural distortions, local defects, compositional inhomogeneity, and different ordering states in perovskite structures. Raman spectra of the NBAT-BT are analyzed using the damped harmonic oscillator model (DHO). 33 The observed vibrational modes are analyzed and tted with the spectral response function.
where
The parameters in eqn (1) amplitude c 0 (in arbitrary units), the mode frequency n 0 , the damping constant G, and the temperature T, describe each phonon mode as a damped harmonic oscillator. Fig. 4(a)-(d) show the Raman spectra and their DHO model tting over large frequency regions of NBAT-BT ceramics. The intensities of low frequency vibrational modes are six times higher than the high frequency modes that make it difficult for DHO to t all the Raman modes with a single frequency window. Group theory predicts 4A 1 (IR, R) + 9E(IR, R) optical modes for the rhombohedral R3c phase, and 7(IR + R) + 1R modes for the tetragonal P4mm phase. 
37-39
where f is the experimental frequency; f 0 , the pre-exponential factor; E a , the activation energy; k B , the Boltzmann constant; and T f , the static freezing temperature. The tted parameters E a ¼ 0.42 eV, f 0 ¼ 5.48 Â 10 7 Hz, and T f ¼ 307 K match the numerical values for other relaxor systems within the limit of their uncertainties. 37 The second phase transition is a diffused phase transition that ts well with the modied Curie-Weiss laws, as shown in Fig. 5(c) . 37 The value of the diffusivity exponent, g $ 1.78 indicates that the system has broad dielectric relaxation and a higher level of disorder. The degree of disorder reveals that dynamic PNRs persist far above the lower phase transition temperature. The tangent loss illustrates a second anomaly below the second phase transition temperature that is normal for diffuse-type FE to PE phase transitions. It follows a similar trend of frequency response as that of the dielectric constant; however, the degree of tangent loss dispersion is very high C) compared to dielectric data near the 2 nd phase transition. These observations favor high crystal disorder until the 2 nd phase transition. One should note that the dielectric loss data and their dispersion with frequency and temperature provide more reliable information than the dielectric constant values alone. The functional properties, variation in T m and dielectric loss depends on the probe frequency which is mainly due to the presence of short range ordering (SROs) such as PNRs or chemical inhomogeneity due to cation disordering in the long range order matrix. HRTEM images provide a clear picture that a large number of SROs, twin boundaries, discontinuous crystal planes, inhomogeneous distribution of A-site cations, etc. are present in the NBAT-BT matrix which in turn favors the dielectric dispersion and antipolar properties.
E. Polarization behavior under applied electric eld
It has been described in previous studies that different kinds of dielectric material and their energy density capacity can be calculated from the P-E loop. [4] [5] [6] [7] [8] Among all dielectrics, relaxorantiferroelectrics have shown the largest integrated area within their P-E loops to store energy efficiently. The relaxor-antiferroelectrics is the only system that possesses both nonlinear and linear P-E regions (except for temperatures slightly above T c in the rst-order ferroelectrics); the linear antiferroelectric loweld region, the non-linear antiferroelectric region, and linear dielectric saturated region at extremely high eld. The combination of nonlinear and linear P-E loops in the rst quadrant of the P(E) hysteresis is suitable for high energy storage devices with a fast discharge capacity. Fig. 6(a) shows the slim relaxorantiferroelectric hysteresis (as-grown samples) of the NBAT-BT system for a frequency of 1 Hz over a wide range of temperature. P-E loops for 1 and 10 Hz are given in the inset of Fig. 6(a) for a comparative study. These P-E loops become narrower and centered with an increase in temperature. Polycrystalline ceramic samples are very prone to electrical breakdown under high electric eld applications. We used a very moderate eld $50-60 kV cm À1 to investigate the P-E loops to avoid large leakage current. Leakage current was separately measured for the same electric elds and was found to be a few mA. The magnitudes of these currents were at least three orders less than the range of real breakdown current (ca. mA) for insulating ceramics. It can also be seen from Fig. 5(b) that leakage current decreases with an increase in temperature which is a signature of the positive temperature coefficient of resistance (PTCR), extremely useful for power/energy based devices such as current-limiters.
F. Energy density capacity
The linear-nonlinear part of the P-E loop provides an energy density of $0.4-0.6 J cm À3 at 50 kV cm À1 until 100 C then increasing with increase in temperature and persisting above the T m of the relaxor-AFE phase transition. The shaded area in the inset of the P-E loop ( Fig. 6(b) ) represents the energy stored by the system. The P-E loops become narrower with increase in temperature, suggesting a high potential to store energy density. The inset of Fig. 6 (b) shows two types (area I and II) of shaded areas (yellow and grey) that represent the charge and discharge capacities. Using P-E data, the discharge (release) (U d ), and charge (U c ) (storage) energy densities were calculated using the following relationship: U d ¼ area II, U c ¼ area I + area II. The charge-discharge efficiency (h) of the capacitors was calculated using the relationship: h ¼ U d /U c Â 100%. The efficiency of the NBAT-BT was 48% at 300 K for an applied electric eld of 50 kV cm
À1
. A similar range of efficiency was found for poly(vinylide uoride-hexauoropropylene) (PVDF-HFP). 41 
Conclusions
In summary, relaxor-AFE lead-free NBAT-BT electroceramics were investigated for energy density applications. A small ($0.06%) substitution of Al 3+ cations in the NBAT-BT system near the MPB leads to the development of short range order polar nano regions within an AFE matrix. XRD analysis elucidates the coexistence of mixed rhombohedral and tetragonal phases. HRTEM images suggest the presence of disordered crystals, chemical inhomogeneity, and conjunction of nano-size crystals with larger grains. Two step-like phase transitions were seen in the dielectric and tangent loss spectra, which is characteristic of the relaxor-AFE to mixed AFE-FE phase at 80-120 C, and the diffuse phase transition near 240 C. The lower phase transition shows a large dielectric dispersion and follows a non-linear VF relation with freezing of PNRs at 34 C. A pinched P-E hysteresis was observed over a wide range of temperature that clearly suggests the coexistence of the relaxor-AFE phase even far above the T m . A moderate energy density and a low leakage current of 0.4-0.6 J cm À3 and 1 mA were obtained at 50 kV cm À1 , respectively. These features suggest that lead-free relaxor-AFE ceramics or thin lms have commercial potential for energy storage applications.
